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ABSTRACT
Role of Terrestrial Organic Matter in Food Webs of the Rocky Intertidal Zone
Douglas O Fairbanks Jr.
Department of Biology, BYU
Master of Science
Terrestrial organic matter (TOM) constitutes an important source of energy in many
aquatic environments (streams, lakes, wetlands). This is the first study to examine the role of
TOM in food webs of the rocky intertidal zone. We compared the consumption of red alder
leaves (Alnus rubra) to common marine sources of drifting detritus along the southern Oregon
coast (Nereocystis luetkeana, Phyllospadix spp., and Fucus gardneri). We used short term
(hours to days) and long term (months) feeding experiments to compare the rate of consumption
among each plant species during the Spring and Fall of 2014 and 2015. In addition, we
quantified the amount of TOM in beach wrack and in the drift of two streams that flowed
directly to the rocky intertidal zone. We also measured the food quality of each plant species
(C:N and polyphenolic concentrations). On average, the two small streams in this study
transported 1,113.6 kg AFDM/m3 of TOM per day during Fall leaf abscission to the rocky
intertidal zone. Also, the biomass of terrestrial leaves in beach wrack varied from negligible (2.1
g AFDM) to the dominant source of detritus (60.7 g AFDM) depending on if it was the dominant
riparian plant growing along the edges of the shore. Consistent with previous research, N.
luetkeana was a high quality food (C:N = 15:1; polyphenolics = 418 mg/ml), whereas F.
gardneri (C:N = 22:1; polyphenolics = 8098 mg/ml) was more recalcitrant. Phyllospadix spp.
was puzzling because it had low concentrations of polyphenolics (800 mg/ml) but was not
consumed. Alnus rubra had a high concentration of structural compounds (C:N = 33:1) and
intermediate levels of polyphenolics (3,415 mg/ml after leaching). Both short term and long term
experiments showed that the rates of consumption of Spring-shed, green leaves and freshly fallen
brown leaves of A. rubra were intermediate between N. luetkeana and the less palatable marine
species (F. gardneri and Phyllospadix spp.). Thus, A. rubra was eaten by common intertidal
consumers and may constitute an important source of energy between brief inputs of more
nutritious marine resources (e.g. N. luetkeana).

Keywords: energy flow from terrestrial to marine, terrestrial organic matter, rocky intertidal
consumers
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INTRODUCTION
Research over the past several decades has shown that organic matter can readily flow
across ecosystem boundaries having profound effects on ecosystem structure and function (e.g.
Polis & Hurd 1996, Polis et al. 1997, Carpenter et al. 2005, Romero & Srivastava 2010,
Richardson et al. 2009, Bartels et al. 2012). In particular, terrestrially-derived organic matter
(TOM) can be an important food resource for aquatic consumers (Bärlocher 1985, Fisher &
Likens 1973). For example, the energetic basis of some lotic ecosystems, especially small
streams, is driven by inputs of terrestrially-derived primary production (e.g. Hall et al. 2000).
Also, TOM can be an important source of nutrition in estuaries (Abrantes et al. 2013, Antonio et
al. 2010) and in deep-sea ecosystems (Turner 1977, Rice et al. 2012, Voight 2007, 2008, 2009)
where it provides both habitat (Rice et al. 2012, Young et al. 2013) and food (e.g. McLeod &
Wing 2007).
Extensive research has shown the importance of phytoplankton, attached periphyton, and
kelp as food for near-shore consumers in the marine environment (e.g. Kaehler et al. 2000,
Simenstad & Wissmar 1985). More recently, research on intertidal detritivory has emphasized
the importance of drift kelp, either produced locally or washed in from the subtidal zone. The
availability of drift kelp can limit the growth and reproduction of near-shore consumers (e.g.
Leighton & Boolootian 1963, Bustamante et al. 1995, Rodriguez 2003, Basch & Tegner 2007,
Britton-Simmons et al. 2009). We were interested in investigating the role of TOM as a food
resource in the rocky intertidal zone by comparing the rate of consumption of red alder leaves
(Alnus rubra) to common species of drifting kelp and sea grass along the southern Oregon coast
(Nereocystis luetkeana, Fucus gardneri, and Phyllospadix spp.).
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Terrestrial organic matter may be transported directly to the intertidal zone by streams or
it may blow in from riparian vegetation. Many small, first and second-order streams along the
northwest coast of the United States drain directly to the sea. In southern Oregon, they often flow
through dense forests into “pocket” bays with headlands to the north and south. Thus, the
intertidal zone is the first marine habitat to receive terrestrial inputs if there are no estuaries.
Estuaries generally occur at the mouth of large rivers, and they are a sink for organic matter
including TOM (Ludwig et al. 1996, Nuwer and Keil 2005).
Waves mix the assortment of marine and terrestrial sources of detritus suspended in the
water column while tides transport it up and down the intertidal zone (Kirkman and Kendrick
1997). Low wave action causes drifting detritus to accumulate in areas of lower hydrodynamic
energy, whereas high wave action causes it to disperse throughout the near shore environment
(Brown & McLachlan 1990, Krumhansl & Scheibling 2012, Lenanton et al. 1982). High tides,
with low to moderate wave action, can cause detritus to accumulate in the upper intertidal zone,
and as beach wrack on the shore (Baring et al. 2014). During low tides, longer strands of detritus
can be trapped under rocks whereas, smaller drifting particles, depending on their buoyancy, will
tend to settle in pools as these are habitats of lower hydrodynamic energy. Thus, detritus is
vertically re-distributed twice a day throughout the rocky intertidal zone along the coastline of
the Northeast Pacific Ocean.
Rocky intertidal consumers display a vast array of feeding modes (e.g. Kozloff 1993)
potentially capable of exploiting terrestrial resources. Vascular leaves are an important
component of TOM because they have greater potential as a food resource than woodier
branches, cones, and needles. The quality of leaves as a food for either decomposers (bacteria
and fungi) or detritivores (macro-consumers) is determined by the concentration of fibrous
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material (cellulose and lignins) and polyphenolic compounds (Bärlocher 1985, Rosset et al.
1982, Suberkropp et al. 1976) both of which discourage consumption in freshwater (Irons et al.
1988, Newman 1991) and marine environments (e.g. Valiela et al. 1984; Hemminga et al. 1991;
Paul & Van Alstyne 1992). Leaching and microbial conditioning decrease the concentration of
polyphenolic compounds, soften the fibers, and can increase the nitrogen concentration of TOM
(e.g. Rice 1982). Detritivore consumers in both freshwater and marine environments (e.g.
gastropods and amphipods) attain carbon and nutrients (nitrogen) attributed to microbial
conditioning of organic matter (Poovachiranon et al. 1986; Hall and Meyer 1998).
Compared to other species of kelp, N. luetkeana is one of the highest quality foods in
coastal regions of the Northeast Pacific Ocean (Bedford & Moore 1985). It completely
decomposes in as little as 6 days, and it has a high nutritional value without microbial
conditioning (Smith & Foreman 1984). By contrast, surfgrass (Phyllospadix spp.) and
bladderwrack (F. gardneri) are unpalatable, recalcitrant food resources, requiring > 70 days to
decompose (Valentine & Heck 1999, Duarte 1990). Pocket bays along the Oregon coast are
often surrounded by dense growths of red alder (A. rubra), which is one of the most common
riparian species in the northwestern United States (e.g. Edmonds & Tuttle 2010, Hart et al.
2013). In streams, red alder leaves decompose in approximately 3 weeks making it one of the
most labile terrestrial species in North America (Webster and Benfield 1986, Newman 1991).
Conditioned leaves of red alder are also readily consumed by freshwater detritivores partly
because it is able to fix nitrogen (Hart & Howmiller 1975; Sedell et al. 1975).
In temperate regions, large inputs of TOM to the rocky intertidal zone should be
associated with autumn leaf abscission. However, inputs of TOM can take place throughout the
growing season. In particular, storms can strip green leaves from plants during the Spring and
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Summer (Norby et al. 2003, Williams & Whitham 1986, Valiela et al. 1998). Newly formed
green leaves in the Spring have higher nutrient content and lower concentrations of polyphenolic
and structural compounds (cellulose and lignin) than autumn-shed leaves (McArthur et al. 1986,
Leff and McArthur 1990). Thus, Spring leaves of A. rubra may be a better source of nutrition
for intertidal consumers than autumn-shed leaves of A. rubra. However, microbial conditioning
can increase the value of autumn-shed leaves potentially narrowing the nutritional gap between
them and Spring-shed leaves (Bärlocher 1985).
Overall, we are interested in understanding the value of TOM as a food resource in the
rocky intertidal zone. In this initial investigation we tested 3 hypotheses: 1) small watersheds
will transport a large standing stock of TOM to the marine environment, and large stocks will
accumulate as beach wrack, 2) consumption of A. rubra will be faster than Phyllospadix spp. and
F. gardneri, but slower than N. luetkeana in pools of the rocky intertidal zone, and 3)
consumption rates of A. rubra in the rocky intertidal zone will be faster in the Spring (green
leaves) than in the Fall (brown leaves).
METHODS
Site Descriptions
This study was conducted in two streams and a series of pocket bays consisting of short
sandy beaches bordered by rocky headlands to the north and south at and near Cape Arago in
southern Oregon (Figure 1). These streams are typical of the numerous small drainages that flow
directly to the sea in this area. Both streams were small, shaded, cool, permanent reaches
characterized by sandy substrate with small patches of cobble-sized particles (Table 1). In South
Branch, conifers were the dominant riparian vegetation, primarily large Douglas Fir
(Pseudotsuga menziesii), whereas a mixture of deciduous vegetation with abundant growths of
red alder (A. rubra) were the dominant riparian vegetation in Norton Gulch. We measured depth
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and velocity every 10 cm across the width of the stream to calculate flow (cross-sectional
method) in the Fall of 2014. At the same time, we measured water temperature every hour in
both streams (South Branch and Norton Gulch) using HOBO® data loggers (Onset Corporation,
Pocasset MA, U.S.A.).
All beaches were either partially (South Cove) or completely protected by narrow
openings and offshore rocky reefs (Sunset Bay, Drake’s Cove, Norton Gulch, and Shore Acres).
Norton Gulch and Sunset Bay were bordered by horizontal platforms supporting dense growths
of surfgrass (Phyllospadix spp.) with channels and occasional pools running approximately north
to south. However, rock pools were most abundant at South Cove and Drake’s Cove, whereas
Shore Acres had no channel or pool habitats. Beds of N. luetkeana were common in this area,
and grew abundantly in and around each of these coves. Most beaches were surrounded by a
mixture of P. menziesii and A. rubra except for Norton Gulch where A. rubra was the dominant
riparian vegetation.
We measured the residual depth and surface area of 8 to 10 pools at 4 of the 5 sites
(South Cove, Norton Gulch, Sunset Bay, Drake’s Cove). Residual depth is the maximum water
depth at low tide. These channels and pools showed a wide-range in size and were a good
representation of all channels and pools in this area (Table 2). We measured temperature every
hour for the duration of the study during the Spring of 2014 in 2 rock pools on each of the two
surfgrass platforms (Sunset Bay and Norton Gulch), and in the Fall of 2014 in 2 rock pools at
Drake’s Cove and South Cove. Mean and minimum temperatures were very similar, whereas
maximum temperatures were warmer in pools that occurred higher in the intertidal zone (Table
2).
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We surveyed the population density of common invertebrates in 6 to 10 pools per site at 4
of our 5 sites (South Cove, Norton Gulch, Sunset Bay, Drake’s Cove). Consistent with previous
research, Chlorostoma funebralis (snails) and Pagurus spp. (hermit crabs) were common
consumers in this area. On average, there were 19.6 snails and 5.8 hermit crabs/0.5 m2 of pool
surface area.
Abundance of TOM in Streams and in Beach Wrack (Hypothesis 1)
We were unable to quantify drift density of terrestrial inputs in the Spring of 2014
because of heavy rains and flooding. However, visual observations showed the obvious presence
of green leaves of A. rubra in the stream and along the intertidal zone as a result of these storms.
In the Fall of 2014 (Nov 5 – Dec 22), we collected 4 drift samples, one every 2 weeks, at the
outflow of South Branch and Norton Gulch (Figure 1). A sample consisted of deploying a net
(30 cm x 30 cm opening; 1.2 m long; 250 µm mesh) for 7 hrs during the day. On average, the net
captured 54% and 40% of the flow at South Branch and Norton Gulch, respectively. The sides
of the net were frequently swept by hand to prevent clogging. All samples were frozen until they
were sorted into vascular leaves, red alder leaves, coarse particulate matter > 1 mm (CPOM =
needles, cones, branches) and fine particulate organic matter (FPOM), 250 µm to 1 mm. All
samples were dried (48 hours at 60° C), ashed (90 minutes at 550° C), and weighed to the nearest
0.01 of a gram to determine the ash-free dry mass (g AFDM) of each category (vascular leaves,
A. rubra leaves, CPOM, and FPOM). We used AFDM to eliminate potential inaccuracies caused
by small sand grains adhering to the leaf material. To estimate flow through the net, we
measured depth and current velocity (Marsh-McBirney, Sigma, Flo-Mate 2; Hach Company,
Loveland CO, USA) at three locations across the opening (left edge, middle, and right edge).
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Flow-adjusted estimates (g AFDM/m3ˑs-1) based on the following formula, allowed us to
compare the quantity of detrital inputs between streams (Allan and Russek 1985):
Drift Density = (g AFDM of sample ˑ 100) / (T ˑ W ˑ V ˑ 3600) where,
T = time the net was in the stream (hrs), W = width of the net (m), H = average height of water at
the net opening (m), V = average velocity at the net opening (m/s), and 3600 is the number of
seconds in an hour.
We used a 2-way ANOVA with “Sites” (Shore Acres and Norton Gulch) and “Detritus
Categories” as main effects, and Tukey pairwise comparisons to test for differences in the drift
density (DD) of each detritus category. In the initial analysis, “Sites” and the “Sites x Detritus
Categories” interaction were not significant, thus, we re-ran the analysis using a 1-way ANOVA
with “Detritus Categories” as the main effect (4 levels). This analysis required a Loge (DD+1)
transformation to meet parametric assumptions.
We sampled beach wrack at the same two sites (Shore Acres and Norton Gulch), at the
same times as stream drift in the Fall of 2014 (Nov 5 – Dec 21). That is, we collected four
samples every two weeks at Shore Acres and on 2 of the 4 weeks at Norton Gulch. All beach
wrack was removed by heavy wave action on 2 of the 4 weeks at Norton Gulch. Samples
consisted of haphazardly tossing a PVC quadrant (50 cm x 50 cm) every 5 m along a 25 m
transect at both beaches. All plant material within the quadrant was frozen before being
separated into surfgrass (Phyllospadix spp.), kelp, terrestrial leaves (e.g. red alder), and other
terrestrial material (e.g. needles, cones, branches, and bark). In the lab, all categories were dried
(48 hours at 60° C), ashed (90 minutes at 550° C), and weighed to the nearest 0.01 of a gram (g
AFDM).
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We initially tried a 2-way ANOVA with “Sites” (Shore Acres and Norton Gulch) and
“Detritus Categories” (4 levels) as main effects to test for differences in the abundance of
Phyllospadix spp., kelp, terrestrial leaves, and “other terrestrial material”. However, these data
could not be transformed to meet parametric assumptions (equal variances). Thus, we used a
Kruskal-Wallis non-parametric analysis to test for differences among detritus categories for both
sites separately.
C:N and Polyphenolic Concentrations
We measured C:N and polyphenolic concentrations of each leaf species to determine
their quality as a food resource. In the Fall of 2015, we compared the palatability (C:N and
polyphenolic concentrations) of fresh, Fall-shed leaves of A. rubra, fresh fronds of N. luetkeana
and fresh fronds of F. gardneri to samples of each species after 1 week of conditioning. That is,
8 fresh samples of A. rubra, N. luetkeana, and F. gardneri were compared to 8 extra packs of
each species placed in litter bags (500 µm mesh) and deployed for 1 week in rock pools during
the Fall 2015 feeding experiment. However, we did not compare fresh to conditioned
Phyllospadix spp. leaves because of difficulties identifying dead and decomposing Phyllospadix
spp. Thus, there was a total of 53 samples analyzed for C:N (BYU Environmental Analytical
Laboratory) and polyphenolic compounds (BYU College of Life Sciences Chromatography
Facility). Samples for polyphenolic analysis were: 1) freeze-dried, 2) ground to powder (500 mg
dry weight), 3) submersed in 3 ml of 100% methanol, and 4) sonicated for 5 minutes and
centrifuged for 10 minutes before the top layer (supernatant) was pipetted into a 10 ml bottle.
Steps 3 and 4 were repeated to provide ~ 9 ml of extracted liquid, which was filtered (glass
wool), and analyzed using High Performance Liquid Chromatography (HPLC).
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We used a 1-way ANOVA with “conditioning” as a main effect (fresh vs conditioned) to
determine if there was a significant decrease of C:N in F. gardneri and A. rubra after 1 week of
conditioning in the marine environment. Only A. rubra required a transformation (Loge X).
However, we needed to used a Kruskal-Wallis analysis for N. luetkeana to compare C:N in fresh
versus conditioned leaves because transformations did not produce equal variances. We also
used a 1-way ANOVA (Loge X) with “species” as a main effect (A. rubra, F. gardneri, N.
luetkeana) and Tukey pair-wise comparisons to determine differences among species in C:N
ratios of conditioned leaves. For polyphenolics, we again used a 1-way ANOVA with
“conditioning” as the main effect (fresh vs conditioned) for A. rubra and N. luetkeana.
Nereocystis luetkeana required a log transformation (Loge X), whereas F. gardneri required a
Kruskal-Wallis analysis. We also used a Kruskal-Wallis analysis and non-parametric, pair-wise
comparisons (Ogle 2017) to determine differences among species in polyphenolic
concentrations.
Feeding Experiments (Hypothesis 2)
Our feeding experiments consisted of two long-term experiments in the Spring and Fall
of 2014 and two short-term experiments in the Spring and Fall of 2015. The long-term
experiments provided an estimate of consumption as leaves change during conditioning whereas,
short-term experiments show the immediate response of consumers to different leaf species
without conditioning.
In both long-term experiments (2014), we used bags of different mesh sizes to parse
detritivore consumption from microbial degradation. Fine-mesh bags (15 cm X 18 cm) were
made of Nytex nylon (500 µm openings), sewn with 6 lb monofilament line, and sealed at the top
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with a double layer of heavy duty velcro (Figure 2a). A 500-µm mesh is a good size to exclude
detritivores yet prevent hypoxia (Flores et al. 2013, Tolkkinen et al. 2015). Coarse containers
were constructed from rubber-coated wire (2.5 cm mesh), and leaves in open packs were sewn
together with 6 lb monofilament line (Figure 2a). Fine-mesh bags estimate microbial
decomposition in the absence of physical abrasion and detritivore consumption, coarse-mesh
bags show the effects of microbial degradation + detritivore consumption - abrasion, and open
packs show the effects of all three (abrasion + microbial degradation + consumption). Thus, we
can estimate the total rate of decay (open packs), the percentage of the total rate of decay
attributed to abrasion (open – coarse-mesh packs) and consumption (coarse-mesh – fine-mesh
packs). The leaf species showing the fastest rate of consumption will correspond to the largest
average difference between coarse-mesh bags and fine-mesh bags.
During the Spring of 2014 (May 12 – June 30) we deployed a total of 216 leaf packs of A.
rubra, N. luetkeana and Phyllospadix spp. over 51 days on two sandstone, surfgrass platforms
(Phyllospadix spp.) bordering Sunset Beach and Norton Gulch (Figure 1). We used a completely
random design, with three replicate leaf packs (~10 g wet weight) of each species randomly
assigned to one of the three treatments (fine-mesh, coarse-mesh, open), and randomly placed in a
channel or a pool on one of the 2 platforms. A completely random design was appropriate
because we knew little about the effects of potential extraneous variables (e.g. Ellison and
Gotelli 2004). We collected 3 packs of each species from each of the 3 treatments on both
platforms after 7, 20, 27, and 51 days.
Leaf packs were constructed using freshly removed green A. rubra leaves (~ 2 to 3 weeks
old), the distal and central portion of young N. luetkeana fronds, and whole blades of
Phyllospadix spp. each collected at or near our study sites. Alnus rubra leaves were refrigerated
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and N. luetkeana and Phyllospadix spp. remained hydrated in a sea water table prior to pack
construction.
Prior to deployment, each pack was fastened to a piece of PVC (30 cm) with a zip-tie. In
the field, boulder-sized rocks were placed on the pipe to hold it in place. All packs (open,
coarse, fine) were retrieved with a drift net (250 µm mesh), rinsed with a gentle stream of tap
water over a sieve (75 µm mesh), dried (48 hours at 60° C), ashed (90 minutes at 550° C), and
weighed to the nearest 0.01 of a gram to produce the final weight for each pack (g AFDM).
We estimated the total percent lost of the initial biomass (open packs), and the percent of
the initial biomass lost to consumption (coarse-mesh % lost – fine-mesh % lost) and abrasion
(open % lost – coarse-mesh % lost) for each leaf pack based on the following formula:
Percent Lost = 100 – ((F/I)*100) where,
“F” and “I” are the final and initial pack weights (g AFDM), respectively. We calculated
consumption as the percent lost of the initial pack biomass. We do not report the actual biomass
lost to consumption because initial weights differed within and between species. That is, light
packs that lost 90% of their biomass to consumption may have lost the same amount as heavy
packs that lost 10% of their initial biomass to consumption. We estimated the initial weight of
each pack (g AFDM) using a simple linear regression between wet weight biomass versus
AFDM for each leaf species (Figure 3, Table 3). Before measuring initial wet weights, green
leaves of A. rubra were gently washed with tap water and the outer surface of N. luetkeana
fronds and Phyllospadix spp. blades were dabbed dry with paper towels for 30 s. Then all
samples were ashed (550° C for 90 min), and weighed to the nearest 0.01 of a gram to determine
AFDM for the regressions.
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We took the average of all pair-wise differences among packs (e.g. consumption equal to
each coarse-mesh pack – each fine-mesh pack) within each species (A. rubra, N. luetkeana and
Phyllospadix spp.) on each date to estimate average consumption losses. We performed a 2-way
ANOVA with “species” (3 levels) and “dates” (4 levels) as main effects, to test for differences in
percent consumption between leaf species on each collection date. These data did not require a
transformation.
During the Fall of 2014 (Nov 3 – Dec 22) we followed the same procedures used in the
Spring of 2014 except we: 1) used brown, Fall-shed leaves of A. rubra, 2) used a randomized
block design to reduce the effects of extraneous variables (e.g. sand accumulation), 3) excluded
Phyllospadix spp. because it was not consumed in the Spring, and 4) eliminated the “open”
treatment because after two weeks, it did not differ from the coarse-mesh treatment for any of the
leaf species in the Spring. Thus, this design consisted of one fine-mesh pack (500 µm mesh) and
one coarse-mesh pack (2.5 cm mesh) of both species (A. rubra and N. luetkeana) randomly
positioned on bricks/blocks (Figure 2a) and randomly assigned to rock pools at 2 sites. That is,
16 bricks were deployed at Drake’s Cove and 16 bricks at South Cove (Figure 2). Four bricks
from both sites were randomly chosen and retrieved after 2 and 4 weeks, whereas 8 bricks were
retrieved from both sites on week 6 for a total of 32 bricks and 128 leaf packs in this study. In
the lab, all samples were ashed (550° C for 90 min), and weighed to the nearest 0.01 of a gram to
determine the final pack weights.
Recently fallen leaves of A. rubra were air-dried at room temperature for 72 hours and
bundled into packs ranging from 4.0 - 4.5 g dry weight whereas, fresh packs of N. luetkeana
fronds ranged between 15 and 25 g wet weight. As in the Spring of 2014, we used linear
regression (wet weight biomass vs AFDM) to estimate the initial g AFDM of both species (Table
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3). However, Fall-shed leaves of A. rubra are more fragile than green leaves used in the Spring.
Thus, we measured handling losses by weighing, deploying in rock pools, and immediately
retrieving and re-weighing 5 extra packs of Fall-shed leaves of A. rubra at South Cove.
Handling losses accounted for less than 1% of the initial pack dry weight, and was not included
when calculating the percent lost for each pack.
The statistical procedures were the same as in the Spring. That is, we calculated the
percent lost for each pack and subtracted coarse-mesh packs from fine-mesh packs to estimate
average percent consumption of the initial pack biomass for each species on each date.
However, instead of making all pair-wise comparisons between treatments we subtracted finemesh bags from coarse-mesh bags from the same block and averaged over all blocks for a
species on a date. Preliminary analyses showed that “pools/blocks” and “sites” were not
significant. Thus, we used a 2-way ANOVA with “species” (A. rubra and N. luetkeana) and
“date” (3 levels) as main effects to compare percent consumption among leaf species on each
date. These data did not require a transformation.
In the Spring of 2015 (May 14-19), we again used a randomized block design to examine
the consumption of Spring-shed leaves of A. rubra, fronds of N. luetkeana, and blades of
Phyllospadix spp, over 3 days without litter bags (Figure 2b). One pack of each species was
randomly positioned on a wire-mesh block and randomly assigned to a pool at each of 4 sites
(Norton Gulch, Drake’s Cove, Sunset Bay, and South Cove). All blocks at each site were
exposed to consumption for the same amount of time on each day (1.5 to 2 hrs) during the
lowest, low tide. Before the next high tide, all blocks were removed to eliminate potential losses
attributed to wave action, and covered with a moist cloth to prevent drying. We assumed that all
losses would be attributed to consumption because losses attributed to microbial degradation
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would be minimal over 3 days. Thus, we could measure consumption directly over the short term
without bags of different mesh sizes. At the end of the third day, all packs were retrieved, dried
(60° C for 48 hrs), and weighed. Again, we used regression to estimate the initial dry weight of
each pack (Table 3). We did not ash these packs because they had little chance of accumulating
sand while lying in a rock pool without waves.
We tested for independence among species on a block by comparing the consumption of
A. rubra mixed with N. luetkeana and Phyllospadix spp. to the consumption of A. rubra in pools
where it was the only species. That is, consumption of A. rubra may be greater on blocks with
all three species if consumers were attracted by a high-quality food (N. luetkeana). We could
verify independence if consumption rates were similar between single packs of A. rubra and A.
rubra on blocks with all 3 species (mixed blocks). We used 50 mixed blocks and 54 blocks with
a single pack of A. rubra for a total of 204 packs in this study.
We used a blocked ANOVA to compare rates of consumption among 3 species (green A.
rubra, N. luetkeana, and Phyllospadix spp.) at 4 sites (Norton Gulch, Drake’s Cove, Sunset Bay,
and South Cove). The response variable was the pack percent lost (g dry weight) after 3 days.
We blocked on the potential variation among pools and used “Species” (3 levels) and “Sites” (4
levels) as main effects. “Sites” and the blocking factor (“Pools”) were not significant, so, the
analysis was re-run as a 1-way ANOVA with “Species” as the main effect. These data required
an arcsine, square-root transformation to meet parametric assumptions.
In the Fall of 2015 (November 24 - 30), we again used a randomized block design to
conduct another short-term feeding experiment (7 days) using Fall-shed leaves of A. rubra,
fronds of N. luetkeana, and Fucus gardneri. Phyllospadix spp. was replaced by F. gardneri
because F. gardneri was the most abundant recalcitrant species at the sites in this study (South
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Cove and Drake’s Cove). A block consisted of randomly placing leaf packs in 6 sections of hard
plastic drain pipe (Corex, 30 cm long, 20 cm diameter) fastened by zip ties to a wire frame
coated with plastic (Figure 2c). The drain pipe eliminated the effects of wave action while
allowing us to manipulate access by consumers with different mesh sizes. The ends of each
canister were covered with either a fine mesh (500 µm) or a coarse mesh (2.25 cm) for each of
the 3 species (A. rubra, N. luetkeana, and F. gardneri). Four blocks were placed in 4 pools
randomly chosen at both sites. Boulder-sized rocks held the frame in place in each pool. All
blocks were left in place for the full 7 days without removing them at high tide as was done in
the Spring. Thus, we could not assume that microbial degradation was negligible.
Consequently, we subtracted the percent lost in the fine-mesh canisters from the percent lost in
the coarse-mesh canisters for each species to parse microbial degradation from consumption.
We again used linear regression to estimate the initial dry weight of N. luetkeana and F. gardneri
packs (Table 3). After 7 days, all packs were freeze-dried and weighed to provide final weights
for calculating the average percent lost. We did not construct single packs of A. rubra because
the Spring study showed that packs on a block were independent replicates.
We used a blocked ANOVA to compare rates of consumption among brown A. rubra, N.
luetkeana, and F. gardneri after 1 week of exposure to consumers at South Cove and Drake’s
Cove. “Sites” and “Pools” were not significant, so the analysis was re-run as a 1-way ANOVA
with “Species” as the main effect. These data did not require a transformation.
Consumption of Spring-shed versus Fall-shed leaves of A. rubra (Hypothesis 3)
We used data from the long-term studies during the Spring and Fall of 2014, to test the
hypothesis that consumption would be greater on Spring-shed leaves than Fall-shed leaves of A.
rubra. We used degree-days rather than Julian Days to eliminate the potential effects of

15

temperature differences between seasons on consumption rates. The number of degree-days are
the average daily temperature summed from the start of the experiment to the final collection
date. We used a 2-way ANOVA with “season” (Spring versus Fall) and “duration” of
decomposition (early versus late) to determine if the percent of A. rubra consumed differed
between the Spring and Fall. We made degree-days a categorical variable. That is, all leaf packs
collected on various dates in the Spring and Fall between 0 and 350 degree days represented
consumption during the early stages of decomposition (83 total consumption values), whereas,
all packs collected between 351 to 615 degree days represented consumption during the late
stages decomposition (43 total consumption values).
RESULTS
Abundance of TOM at Stream Inflows and in Beach Wrack
The average total inflow of TOM in the drift from South Branch and Norton Gulch
during the Fall was 12.9 g AFDM/m3ˑs-1, which is equivalent to 33,438 kg AFDM/m3ˑmonth-1
and 401,256 kg AFDM/m3ˑyear-1. Most of this organic matter was CPOM and FPOM, which
were not significantly different, but both were greater than vascular leaves and A. rubra, which
were also not significantly different (Table 4 and Figure 4).
The average biomass of surfgrass (Phyllospadix spp.) in the wrack at Shore Acres Beach
was 3x greater than kelp and “other” terrestrial matter (cones, needles, branches), with only a
small biomass of terrestrial leaves (Figure 5a). However, the pattern was nearly reversed at
Norton Gulch where dense growths of A. rubra surrounded the beach. That is, terrestrial leaves
(mostly A. rubra) were the dominant source of organic matter at Norton Gulch (Figure 5b).
Because of a high degree of variation between samples within categories, there were no
significant differences at Shore Acres (Chi2 = 3.92, d.f. = 3, p-value = 0.27), and only marginal

16

significance between terrestrial leaves (A. rubra) and “other terrestrial” matter at Norton Gulch
(Chi2 = 6.81, d.f. = 3, p-value = 0.08). Overall however, these data confirm our first hypothesis
that small coastal watershed transport a large standing stock of TOM to the rocky intertidal zone,
and that TOM can comprise the majority of organic matter in wrack on some beaches (e.g.
Norton Gulch).
C:N and Polyphenolic Concentrations
The average C:N ratio and polyphenolic concentrations of conditioned leaves of A. rubra
was significantly lower than freshly fallen leaves of A. rubra (Table 5). Nereocystis luetkeana
followed the same pattern for polyphenolics (conditioned < fresh) but was reversed for C:N
(conditioned > fresh). Also, C:N and polyphenolic concentrations were did not differ between
conditioned and fresh leaves of F. gardneri (Table 5).
As expected, N. luetkeana was the highest quality food with the lowest average C:N ratio
and lowest concentrations of polyphenolics after 1 week of conditioning (Table 5). Although A.
rubra had the largest C:N ratio of conditioned leaves, it was intermediate in polyphenolic
concentrations between N. luetkeana and Phyllospadix spp. with low concentrations and F.
gardneri with high concentrations. That is, F. gardneri had 31.5x higher concentrations of
polyphenolics than N. luetkeana, 11.5x higher concentrations than Phyllospadix spp., and 2.7x
higher concentrations than A. rubra, which had 11.5x higher concentrations than N. luetkeana
(Table 5).
Feeding Experiments
In the Spring (2014) long term experiment, the percent consumed of N. luetkeana was
always significantly greater than A. rubra and Phyllospadix spp. until the last date when there
was virtually no N. luetkeana remaining (Table 6 and Figure 6). Except for a small amount in a
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few packs, all of the N. luetkeana was lost sometime between 7 and 20 days in both fine-mesh
and coarse-mesh bags indicating a rapid rate of microbial degradation and probably also
consumption. Consumption did not differ between A. rubra and Phyllospadix spp. until after 20
days when the percent consumed of A. rubra increased and was significantly greater than
Phyllospadix spp. (Table 6 and Figure 6). The consumption of Phyllospadix spp. was never
greater than 10% of the initial pack biomass showing that it was a poor food resource.
For A. rubra in the Spring (2014), losses in coarse-mesh packs (consumption + microbial
decay) did not differ from “open” packs (consumption + microbial decay + abrasion) at the
beginning and end of the experiment. However, losses in coarse-mesh packs exceeded losses in
“open” packs in A. rubra towards the middle of the experiment (Table 7), which is opposite of
expectations if abrasions losses were important. Also, losses in coarse-mesh packs and “open”
packs did not differ at any time for N. luetkeana or Phyllospadix spp. (Table 7). Based on these
results, we eliminated the “open” treatment from the Fall 2014, long-term experiment because
abrasion losses appeared unimportant in the Spring.
In the Fall 2014 long-term experiment, all of the N. luetkeana packs were gone after the
first 16 days compared to an average loss of 52 percent after 16 days in A rubra (t24 = 5.76; P <
0.0001). Figure 7 shows that losses attributed to consumption in A. rubra were greater than
losses attributed to microbial decomposition early in the experiment, whereas this pattern was
reversed at Julian Day 31 and 46 as the percent losses attributed to microbial decay steadily
increased with time (Figure 7). Overall, both long term experiments support the second
hypothesis that consumption of A. rubra would be slower than N. luetkeana but faster than
Phyllospadix spp.
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In the Spring 2015 short-term feeding experiment (3 days), there was no difference in the
percent consumed of A. rubra alone versus A. rubra on a block with N. luetkeana and
Phyllospadix spp. (Table 8 and Figure 8a). Thus, there was no evidence of a lack of
independence between samples on the same block. After 3 days, N. luetkeana was consumed
1.75x faster than A. rubra, and 2x faster than Phyllospadix spp. (Table 8 and Figure 8a). That is,
on average, consumers ate 52% of N. luetkeana, 16% of green A. rubra, and 1% of Phyllospadix
spp. over a maximum of 6 hrs in the water (2 hrs/day).
In the Fall 2015 short-term feeding experiment (7 days), N. luetkeana was completely
consumed in the coarse-mesh treatment, 40% degraded in the fine-mesh treatment for a
difference of 60% consumed over the course of a week (Figure 8b). However, this calculation
underestimates the rate of consumption, as in situ observations showed that all N. luetkeana in
coarse canisters was gone after the first day. Thus, consumption of N. luetkeana was
significantly faster than A. rubra and F. gardneri, but there was no difference between A. rubra
and F. gardneri (Table 9). Both short term experiments support the hypothesis that consumption
of A. rubra would be slower than N. luetkeana but A. rubra was only faster than a poor quality
marine food in the Spring (Phyllospadix spp.).
Consumption of Spring-shed versus Fall-shed leaves of A. rubra
Figure 9 shows that consumption of Fall-shed leaves was 3.6x faster than Spring-shed
leaves (F1,121 = 11.90; P = <0.001) during the early stages of decomposition (0 - 350° C),
whereas seasonal differences were not significant (F1,121 = 11.90; P = 0.66) in the later stages of
decomposition (351 – 615° C). Thus, these results do not support our third hypothesis that
Spring-shed leaves of A. rubra would be consumed faster than Fall-shed leaves.
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DISCUSSION
For more than four decades, ecologists have investigated how the flow of energy from
donor ecosystems can affect the productivity and food web dynamics of recipient ecosystems
(e.g. Hynes 1975, Polis 1994). Recent reviews have concluded that most aquatic environments
are heterotrophic partly because primary production is often limited by light availability and
partly because large quantities of TOM flow through detrital pathways from the terrestrial
environment (e.g. Sand-Jensen & Staehr 2009, Yvon-Durocher et al. 2012, Hoellein et al. 2013).
We found that two small coastal streams in southern Oregon, on average, delivered 442.3 tons
AFDM/m3 on an annual basis to the sea. To our knowledge, this is the first calculation of the
standing stock of terrestrial detritus for small coastal streams in the Northeast Pacific Ocean.
This calculation is probably too high for an entire year because our samples were collected in the
Fall during leaf abscission. Plus, we don’t know the annual water yield of these streams to
compare to previous estimates of terrestrial inflows to the sea from large rivers (1.65 x 108 tons
of TOM/year; Hedges et al. 1997). Larger rivers certainly transport more TOM than small
streams but large rivers also create large estuaries that process TOM in situ and thus, are sinks
for TOM decreasing its transport to the sea (e.g. Sará et al. 2008). Clearly, small coastal streams
in southern Oregon can deliver large standing stocks of TOM directly to the rocky intertidal zone
each year.
We also found that terrestrial inputs of organic matter can constitute a large percentage of
the beach wrack, but only where riparian vegetation grows close to the water’s edge, as at Norton
Gulch. Otherwise, the dominant type of organic matter on pocket beaches in Southern Oregon
appears highly variable depending on several abiotic and biotic factors (e.g. type of near shore
seaweeds, density and type of riparian vegetation, beach topography, and near shore currents).
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Although primary production is approximately an order of magnitude less in the rocky
intertidal zone than in adjacent coastal forests (Littler & Murray 1974, Van Tuyl et al. 2005),
virtually all research on intertidal detritivory has emphasized drift kelp either produced locally or
washed in from the subtidal (e.g. Duggins et al. 1989; Duggins & Eckman 1997). Drift kelp is
an important source of energy for a variety of invertebrates in intertidal (e.g. Leighton &
Boolotian 1963, Bustamante et al. 1995, Rodriguez 2003) and subtidal habitats (Vetter & Dayton
1998, Britton-Simmons et al. 2009). The availability of kelp can limit the growth and
reproduction of intertidal consumers (e.g. Basch & Tegner 2007). In a recent review, Krumhansl
& Scheibling (2012) estimated that > 80% of kelp productivity becomes part of the detrital
pathway with somewhere between 10-50% being transferred out of the photic zone to the
subtidal.
Are leaf-litter subsidies an important resource for marine macro-consumers between brief
inputs of dislodged kelp? Our consumption experiments highlighted that A. rubra is both
consumed over the short-term and the long-term, with the rate of consumption increasing as it
becomes more palatable. Ultimately, it doesn’t quite compare with the consumption of N.
luetkeana, but when the resources of N. luetkeana are limited, it can certainly be consumed more
readily than Phyllospadix. We found that A. rubra was not consumed any more readily than F.
gardneri, but over the long-term, a bigger gap between the consumption of the two would be
expected.
The C:N ratios and polyphenolic concentrations that we obtained for A. rubra were
expected, as there have been many studies in the freshwater environment which have already
investigated this. However, the C:N ratios and polyphenolic concentrations that were obtained
for N. luetkeana and F. gardneri were not expected. This is likely due to the difficulty of
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characterizing food quality based on chemical analyses. For example, Nitrogen can be tied up in
toxic compounds, or it can be tied up in proteins which are highly usable; Carbon can be
something as simple and usable as a sugar, or something as recalcitrant as cellulose. Despite both
having lower values than A. rubra, in terms of the chemical analyses, it doesn’t parse out which
ones are better food resources.
In our Spring 2014 experiment, the surfgrass samples grew, having an impact on our
results. When a sample grows, we cannot accurately determine the true amount of consumption
that occurs. None of our other experiments were impacted by samples growing, so this
confounding variable was isolated to this first long-term experiment. Although this brings into
question the results that were obtained for the Spring 2014 experiment, we are still able to speak
to the consumption of surfgrass being quite minimal, as our Spring 2015 experiment did not
encounter this issue. The issue of growth was eliminated from the Spring 2015 experiment, and it
still highlighted the same conclusion: surfgrass is a poor resource.
Abrasion was a factor, which likely impacted the coarse-mesh packs in the applicable
experiments, as a coarse mesh is not capable of mitigating mass loss from wave action. However,
when we compared the mass loss from abrasion to the mass loss from consumption in the Spring
2014 experiment, the results indicated that there was no statistical difference between the mass
loss of the two. This justification is a bit precarious, especially since leaves of A. rubra will be
more brittle in the Fall. Using bags of different mesh sizes may not be the best way to
manipulate abrasion losses; our long-term experiments may not have done the best job at parsing
abrasion losses from consumption losses. Due to this, our short-term experiments were valuable,
as they eliminated the abrasion losses. As the order of consumption between species was similar
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between long-term and short-term experiments, we can safely assume that abrasion losses did not
have a strong effect in the long-term experiments.
In the temperate zone, concentrations of phytoplankton in the marine environment reach
their lowest levels during the Winter months because of short day lengths and a low angle of the
sun (e.g. Lowe et al. 2014). Also, Winter storms increase vertical mixing and the transport of
phytoplankton out of the photic zone (e.g. Kaiser et al. 2011, Miller & Wheeler 2012). Benthic
seaweed productivity also declines in the Fall and Winter with the die-back of annual species and
a decline in the growth of perennial species (e.g. Connell 1972, Steneck et al. 2002, Berglund et
al. 2003). Kelp productivity in higher latitudes is largely governed by seasonal variations of
abiotic conditions such as irradiance, photoperiod, and temperature (e.g., Bartsch et al. 2008).
Productivity and standing stock of large canopy forming kelps in temperate waters is primarily
driven by relative wave disturbance and secondarily by temperature (Cavanaugh et al. 2011).
The abundance of drift kelp is generally linked seasonally to periods of both sustained high
productivity and large wave or storm disturbances (reviewed in Krumhansl & Scheibling 2012).
Winter storms export drift kelp to beach wrack and the intertidal zone where some can be
trapped for consumption (Figurski 2010, Hagen et al. 2012). However, this ephemeral source of
energy is rapidly exported or depleted (e.g. Hemminga et al. 1991). Can forest litter (e.g. leaves)
“conditioned” by microbes constitute a valuable resource for detritivores in the rocky intertidal
zone during the Fall and Winter when marine food resources decline?
Gonad growth and gametogenesis, including the investment of lipid-rich yolk
(vitellogenesis) is known to peak during the Winter months when apparent food resources are
low. This occurs in many temperate intertidal animals including mussels (e.g. Bayne 1976), sea
urchins (Byrne 1990), barnacles (Crisp 1954) and amphipods (Sheader 1996). Amphipods,
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which often have multiple short gametogenic cycles during the course of a year may
paradoxically produce larger eggs in Winter than in times of greater apparent food availability
(Sheader 1996). Does terrestrial input provide critically-timed energy for fueling vitellogenesis
in intertidal animals?
Future research should investigate the flux of TOM as a proportion of the total energy in
the rocky intertidal. Our research only looked at the flux of energy into this ecosystem (drift
density); our measure of beach wrack was not a true measure of the flux of energy. Future
research investigating the composition of the total energy that is TOM could lead to broader
implications for the role of TOM in this ecosystem. Another future direction is to investigate the
availability of TOM in the Fall and Winter, and the effect that this has on oogenesis. If TOM
availability influences oogenesis, then this would also broaden the importance of TOM in this
ecosystem.
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TABLES
Table 1. Physical attributes of streams in this study during the Fall of 2014. Width, depth, and flow were the
average of 4 measurements taken every 10 to 14 days from Nov 6, 2014 to Dec 22, 2014.
Site
Norton Gulch Stream

Temperature (° C)
Mean Min
Max
10.7
8.30
12.51

South Branch

11.3

8.5

13.3

Width (m)

Depth (m)

Flow (m3/s)

1.15

0.16

0.05

3.05

0.11

0.08
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Table 2. Physical attributes of marine habitats (beaches, platforms, channels, pools). Beach length is the distance
between rocky headlands to the north and south. Platform height is relative to the tidal mean lower, low water (“0”).
The average and range (in parentheses) are shown for the width and depth of channels, and for pool temperatures,
surface areas (S.A.), and depths. Temperature data for Norton Gulch and Sunset Bay were collected in the Spring of
2014, whereas temperatures for South Cove and Drake’s Cove were collected in the Fall of 2014. Dashes indicate
the absence of a habitat.
Site

Beach

Platforms

Channels

Pools

South Cove

Length
(m)
280

Area
(m2)
-

Height
(m)
-

Width
(m)
-

Depth
(cm)
-

Temp
(° C)
13.5
(12.0-15.1)

S.A.
(m2)
2.5
(0.3 – 4.8)

Depth
(cm)
48
(22 - 87)

Shore Acres

100

-

-

-

-

-

-

-

Norton Gulch

80

1,610

0.4 – 1.0

0.85
(0.46 – 2.1)

43
(21 - 61)

12.1
(10.1- 16.5)

3.1
(0.7 – 12.2)

31
(25 - 37)

Drake’s Cove

110

-

-

-

-

13.6
(12.6-15.1)

3.5
(0.8 – 9.2)

23
(21 - 24)

Sunset Bay

340

3,520

0.0 – 0.7

1.27
(0.49 – 2.56)

48
(22 - 78)

11.4
(10.0-15.1)

4.5
(1.3 – 8.8)

23
(10 - 42)

36

Table 3. Linear regressions used to estimate the initial biomass of leaf packs in this study.
Experiment/Species
Spring 2014
A. rubra
N. luetkeana
Phyllospadix spp.
Fall 2014
A. rubra
N. luetkeana
Spring 2015
A. rubra
N. luetkeana
Phyllospadix spp.
Fall 2015
A. rubra
N. luetkeana
F. gardneri

Model

Adjusted R2

P-value

Sample Size

Y = 0.342x + 0.179
Y = 0.058x - 0.011
Y = 0.167x - 0.047

0.99
0.86
0.94

<0.001
<0.001
<0.001

40
50
51

Y = 0.971x – 0.005
Y = 0.033x + 0.054

0.99
0.81

<0.001
<0.001

50
50

Y = 0.412x + 0.164
Y = 0.066x – 0.018
Y = 0.174x + 0.101

0.80
0.85
0.99

<0.001
<0.001
<0.001

38
40
40

Y = 0.901x + 0.016
Y = 0.111x – 0.311
Y = 0.216x + 0.332

0.99
0.97
0.93

<0.001
<0.001
<0.001

50
30
60

37

Table 4. Tukey comparisons for drift density between the categories of organic matter averaged over the two
streams in this study. Differences (g AFDM/m3ˑs-1) were back-calculated from a natural log (ln) transformation.
Category Comparisons
CPOM > FPOM
CPOM > A. rubra
CPOM > Vascular Leaves
FPOM > A. rubra
FPOM > Vascular Leaves
Vascular Leaves > A. rubra

Difference
0.91
7.12*
4.25*
3.25*
1.75*
0.55

Statistics
F3,32 = 16.93; P = 0.22
F3,32 = 16.93; P = <0.001
F3,32 = 16.93; P = <0.001
F3,32 = 16.93; P = <0.001
F3,32 = 16.93; P = 0.02
F3,32 = 16.93; P = 0.55

38

Table 5. The average total carbon and total nitrogen (C:N) and average polyphenolic concentrations of leaves from
the Fall of 2015. “Fresh” are leaves prior to decomposition. “Conditioned” leaves are after a week of decomposition.
We did not compare “fresh” versus “conditioned” for Phyllospadix spp. because of the difficulties of distinguishing
these two states for this species. Pairwise comparisons of C:N and polyphenolics among leaf species was based on
concentrations after one week of conditioning.
Leaf Species/Comparison

C:N

Fresh A. rubra
Conditioned A. rubra

35:1*
32:1

F1,14 = 19.6; P = 0.001

Fresh N. luetkeana
Conditioned N. luetkeana

14:1*
17:1

Chi2 = 7.4; P = 0.007

541*
295

F1,9 = 9.1; P = 0.01

Fresh F. gardneri
Conditioned F. gardneri

22:1
23:1

F1,14 = 2.8; P = 0.12

6,918
9,278

Chi2 = 0.01; P = 0.92

Fresh Phyllospadix spp.

26:1

n.a.

800

n.a.

F2,17 = 150; P = < 0.001*
F2,17 = 150; P = < 0.001*
F2,17 = 150; P = < 0.001*

-

Z = 2.40; P = 0.02*
Z = 3.22; P = 0.004*
Z = -1.10; P = 0.27

A. rubra > N. luetkeana
F. gardneri > N. luetkeana
A. rubra > F. gardneri

-

C:N Statistics

Polyphenolics
(mg/ml)
18,106*
3,415

Polyphenolics Statistics
F1,14 = 73.2; P = < 0.001
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Table 6. Tukey comparisons of average differences in the percent consumed of the initial pack biomass between 3
leaf species over 51 days in the Spring of 2014. “Julian Day” was a categorical variable.
Treatment Comparisons
A. rubra > Phyllospadix spp.

N. luetkeana > A. rubra

N. luetkeana > Phyllospadix spp.

Julian Day
7
20
27
51
7
20
27
51
7
20
27
51

Difference (%)
6.73
23.62*
16.02*
19.93*
42.36*
50.90*
44.62*
17.13*
35.63*
74.52*
60.64*
2.80

Statistics
t161 = -0.67; P = 0.50
t161 = 3.73; P = <0.001
t161 = 2.17; P = 0.04
t161 = 3.40; P = <0.001
t161 = -3.73; P = <0.001
t161 = -4.53; P = <0.001
t161 = -5.27; P = <0.001
t161 = 3.20; P = 0.002
t161 = -2.52; P = 0.01
t161 = -6.23; P = <0.001
t161 = -4.01; P = <0.001
t161 = -0.44; P = 0.66
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Table 7. Tukey comparisons of average differences in the percent of the initial pack biomass lost to consumption
versus abrasion for 3 leaf species over 51 days in the Spring of 2014. “Julian Day” was a categorical variable.
Treatment Comparisons
A. rubra

N. luetkeana

Phyllospadix spp.

Julian Day
7
20
27
51
7
20
27
51
7
20
27
51

Difference (%)
8.99
11.23*
21.71*
9.41
17.24
3.00
18.32
9.17
13.68
11.38
7.08
1.15

Statistics
F3,204 = 11.45; P = 0.14
F3,204 = 11.45; P = 0.02
F3,204 = 11.45; P = <0.001
F3,204 = 11.45; P = 0.22
F3,75 = 0.97; P = 0.99
F3,75 = 0.97; P = 0.99
F3,75 = 0.97; P = 0.93
F3,75 = 0.97; P = 0.97
F3,53 = 4.66; P = 0.35
F3,53 = 4.66; P = 0.06
F3,53 = 4.66; P = 0.99
F3,53 = 4.66; P = 0.99
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Table 8. Tukey comparisons of average differences in the percent consumed of the initial pack biomass between 3
leaf species over 3 days in the Spring of 2015. “m” designates the mixed leaf treatment and “a” are A. rubra leaves
alone in a rock pool. Differences were back-calculated from an arcsin square-root transformation.
Treatment Comparisons
A. rubra (a) = A. rubra (m)
A. rubra (m) < N. luetkeana (m)
A. rubra (m) > Phyllospadix (m)
N. luetkeana (m) > Phyllospadix (m)

Difference (%)
0.14
16.97*
7.85*
42.33*

Statistics
F3,160 = 93.44; P = 0.82
F3,160 = 93.44; P < 0.001
F3,160 = 93.44; P < 0.001
F3,160 = 93.44; P < 0.001
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Table 9. Tukey comparisons of average differences in the percent consumed of the initial pack biomass for the Fall
2015 short term feeding experiment (7 days).
Treatment Comparisons
A. rubra = F. gardneri
N. luetkeana > A. rubra
N. luetkeana > F. gardneri

Difference (%)
1.73
49.04*
47.31*

Statistics
F2,21 = 32.95; P = 0.96
F2,21 = 32.95; P < 0.001
F2,21 = 32.95; P < 0.001
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FIGURES

Figure 1. Map of sites near Coos Bay in southern Oregon (U.S.A.) showing the streams used to quantify TOM in the
drift (open circles) and the pocket bays where beach wrack was sampled and where our feeding experiments were
conducted (closed circles).
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Figure 2. A “block” used in the long-term feeding experiment in the Fall of 2014 showing coarse-mesh (2.5 cm) and
fine-mesh (500 µm) treatments of Alnus rubra and Nereocystis luetkeana (a), a “mixed pack” block from the shortterm feeding experiment in the Spring of 2015 showing green A. rubra, young fronds of N. luetkeana, and
Phyllospadix spp. (b), and a block from the short-term feeding experiment in the Fall of 2015 with A. rubra, N.
luetkeana, and Fucus gardneri in canisters (c).
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Figure 3. Linear regression showing the relationship between wet weight biomass and ash-free dry mass (AFDM)
for A. rubra (a), N. luetkeana (b), and Phyllospadix spp. (c) from the Spring of 2014.
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Figure 4. Average drift density of terrestrial organic matter from Shore Acres and Norton Gulch during the Fall of
2014. Coarse particulate organic matter (CPOM) and fine particulate organic matter (FPOM) represent particles > 1
mm in size and between 250 µm – 1 mm, respectively. Alnus rubra leaves and other vascular leaves and were
separated from the CPOM. Means and standard errors were back-calculated from a natural log transformation.
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Figure 5. Average AFDM of organic matter in beach wrack sampled on four dates (every 2 weeks) from Nov 5 to
Dec 21 at Shore Acres (a) and on two dates at Norton Gulch (b) during the Fall of 2014. Terrestrial leaves were
separated from other terrestrial matter (cones, needles, bark, branches). Vertical bars represent one standard error
around the mean.
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Figure 6. Average percent consumed of the initial pack biomass on each date for 3 leaf species over 51 days in the
Spring of 2014. Vertical bars represent one standard error around the mean. “Julian Day” was a categorical variable.
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Figure 7. Average percent losses of the initial pack biomass attributed to consumption and microbial decay for A.
rubra over 46 days in the Fall of 2014. Vertical bars represent one standard error around the mean. “Julian Day”
was a categorical variable.

50

Figure 8. Average percent consumed of the initial pack biomass for 3 leaf species over 3 days in the Spring of 2015
(a). “m” are mixed blocks with all three species whereas, “a” are blocks with only A. rubra packs. Also, the average
percent consumed for 3 leaf species over 7 days in the Fall of 2015 (b). Vertical bars represent one standard error
around the mean.
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Figure 9. Average percent of the initial pack biomass attributed to consumption of A. rubra over 615 degree days in
the Spring and Fall (2014). Vertical bars represent one standard error around the mean. Degree days were a
categorical variable.
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